Structures of DNA polymerases bound with DNA reveal that the 5'-trajectory of the template strand is dramatically altered as it exits the polymerase active site. This distortion provides the polymerase access to the nascent base pair to interrogate proper Watson-Crick geometry. Upon binding a correct deoxynucleoside triphosphate, α-helix N of DNA polymerase ß is observed to form one face of the binding pocket for the new base pair. Asp276 and Lys280 stack with the bases of the incoming nucleotide and template, respectively. To determine the role of Lys280, site-directed mutants were constructed at this position, and the proteins were expressed, purified, and their catalytic efficiency and fidelity assessed. The catalytic efficiency for single-nucleotide gap filling with the glycine mutant (K280G ) was strongly diminished relative to wild-type for templating purines (>15-fold) due to a decreased binding affinity for the incoming nucleotide. In contrast, catalytic efficiency was hardly affected by glycine substitution for templating pyrimidines (<4-fold). The fidelity of the glycine mutant was identical to wild type enzyme for misinsertion opposite a template thymidine, whereas the fidelity of misinsertion opposite a template guanine was modestly altered. The nature of the Lys280 side-chain substitution for thymidine triphosphate insertion (templating adenine) indicates that Lys280 "stabilizes" templating purines through van der Waals interactions.
INTRODUCTION
determined the significance or contribution of these transitions toward fidelity (i.e., substrate specificity).
The polymerase subdomains are structurally distinct among the different polymerase families. Comparison of DNA polymerase structures bound to DNA with those that include an incoming complementary dNTP reveals that the N-subdomain repositions itself to "close" upon the nascent base pair (5) (6) (7) (8) (9) (10) . These structures also reveal that the template strand is radically bent as it exits the polymerase active site. This bend in the template strand serves at least two functions. First, it provides the polymerase N-subdomain access to one face of the nascent base pair and the DNA minor groove. This access gives the polymerase the opportunity to check whether geometrical constraints imposed by correct Watson-Crick hydrogen bonding occur.
Secondly, it displaces the next templating base away from the polymerase active site discouraging incorrect template base reading (deletion mutagenesis) (11) . For pol ß, the nascent base pair is sandwiched between α-helix N (residues 275-288) and duplex DNA (Fig. 1A) .
Loss of minor groove hydrogen bonding and/or van der Waals interactions with the templating nucleotide of the nascent base pair, through alanine substitution for Arg283, results in dramatically reduced catalytic efficiency (12, 13) , base substitution fidelity (12) (13) (14) , and 8 Steady-state kinetic parameters for single-nucleotide gap filling were determined by initial velocity measurements where the heteropolymeric DNA concentration was held constant at 200 nM and the dNTP concentration varied. In general, the conditions were similar to those described above for pol(dA)-oligo(dT) except that MgCl 2 replaced MnCl 2 . In some instances requiring high dNTPs concentrations (e.g., misincorporation assays), the MgCl 2 concentration was increased to 10 mM so that there was at least 5 mM free Mg 2+ . Enzyme concentrations and reaction time intervals were chosen so that substrate depletion or product inhibition did not influence initial velocity measurements. The quenched samples were mixed with an equal volume of formamide dye and the products separated on 12% denaturing polyacrylamide gels.
The dried gels were analyzed using a phosphorimager (Molecular Dynamics) to quantify product formation.
To directly measure the rate of the first insertion (k pol ) and the equilibrium nucleotide . Specific conditions (pH, temperature) and final salt concentrations were as described for the steady-state assay. After various time periods, the reactions were stopped with 0.25 M EDTA and the quenched samples mixed with an equal volume of formamide dye. Products were separated and quantified as described above. Under these conditions, the first-order rate constant of the exponential time-courses was dependent on the concentration of dTTP. A secondary plot of the concentration dependence of k obs was hyperbolic and fitted to Equation 1 where k pol is the intrinsic rate constant for the step limiting the first insertion.
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RESULTS
Vertical-scanning Mutagenesis of Lys280-To probe the functional significance of the template base interactions with Lys280 ( Fig. 1) , seven alternate side chains were individually introduced at this position. The alternate side-chains differ in their size, hydrophobicity, and hydrogen bonding potential. The mutant proteins were expressed in Escherichia coli and purified. Following purification, SDS-polyacrylamide gel analysis indicated that the mutant pol ß polypeptides were greater than 99% homogeneous (data not shown). The catalytic efficiency and fidelity of the purified mutant proteins were determined.
Relative Catalytic Efficiency on Homopolymeric Template-primers-To survey the influence of altering the chemical nature of the side chain at residue 280, we analyzed the steadystate kinetics of thymidine triphosphate incorporation on a simple template-primer system, poly(dA)-oligo(dT) ( Table I ). This template-primer system has proven useful in characterizing other pol ß mutant enzymes (12, 23, 24) . The catalytic activity (k cat ) and Michaelis constant for the template-primer (K m,DNA ) of all the mutant enzymes were similar to that of wild-type enzyme.
In contrast, K m,dTTP and k cat /K m,dTTP for some of the mutant enzymes were modestly elevated. In general, the effect correlated with the size of the mutant side chain. Whereas glycine, alanine, and glutamine substitutions for Lys280 resulted in a small reduction in catalytic efficiency relative to wild-type enzyme, the other mutant enzymes (i.e., leucine, isoleucine, methionine, and arginine) had little or no effect. The pol ß enzymes in Table I are listed in order of increasing size of residue 280 (25) .
Influence of the Nature of the Templating Nucleotide on Catalytic Efficiency of
K280G-Since the K280G mutant enzyme exhibited a significant decrease in catalytic efficiency on a homopolymeric template-primer, we extended our kinetic analysis employing a more natural substrate: a heteropolymeric DNA template-primer that has a single-nucleotide gap. This substrate has served as a model substrate for base excision repair assays examining pol ß-dependent repair synthesis (26) . In particular, the repair of the promutagenic G-U base pair is commonly examined in cell extracts or reconstituted systems (26, 27) and crystallographic structures of pol ß bound to a single-nucleotide gapped DNA with a templating guanine have been solved (5) . In contrast to the small but significant decrease in catalytic efficiency observed on homopolymeric DNA with this mutant, glycine substitution for Lys280 resulted in a much larger decrease in catalytic efficiency for insertion of dCTP opposite a templating deoxyguanine (Table II and Fig. 2) . Surprisingly, the magnitude of the loss of catalytic efficiency for correct nucleotide insertion was strongly dependent on the identity of the templating base.
Deoxypyrimidine triphosphate insertion was effected to the greatest extent (templating dA and dG), whereas insertion of a deoxypurine triphosphate (templating dC and dT) was hardly affected (less than four-fold). The altered catalytic efficiency was due entirely to changes in K m , since k cat was not altered by the glycine substitution (Table II (Table I ). Figure 4 illustrates the relative (wildtype/mutant) catalytic efficiency for thymidine insertion into a one-nucleotide gap. The data are presented in order of decreasing size of the residue 280 side-chain (large to small, left to right).
As with the homopolymeric template-primer system, the altered catalytic efficiencies are primarily due to changes in K m,dTTP (data not shown).
Effect of Divalent Metal on Relative Catalytic
Efficiency-As noted above, the influence of the glycine substitution had a much more pronounced effect on thymidine insertion employing a template-primer with a one-nucleotide gap (Fig. 4 ) than a homopolymeric DNA substrate (Table I) . Although the rate-limiting step(s) may be different in these two kinetic assays, catalytic efficiency (k cat /K m ) is expected to be the same (28) . An important distinction between these two assays is the divalent ion utilized during catalysis. The poly(dA)-oligo(dT) templateprimer system strictly requires Mn 2+ . In contrast, the heteropolymeric template-primer system can utilize either Mn 2+ or Mg 2+ . Since the above assays examining single-nucleotide gap filling utilized Mg 2+ , the effect of glycine substitution on thymidine insertion into a single-nucleotide gap was repeated with a reaction mixture where MnCl 2 replaced MgCl 2 . Consistent with the assays described above, the identity of the divalent metal cofactor influenced the magnitude of the effect of the glycine substitution. In the presence of 5 mM MnCl 2 , the wild-type enzyme exhibited a catalytic efficiency of 1.8 ± 0.2 s (Table III and Fig. 5 ). As expected, the catalytic efficiency is dramatically reduced for the misinsertion of dCTP and dGTP opposite a templating dT for wild-type enzyme (Tables II and III) The polymerase dNTP binding site is dynamic and unique for each incorporation; i.e., the identity of the primer terminus and templating base is altered with each insertion. Consequently, substrate-polymerase van der Waals and hydrogen bonding interactions are unique during each catalytic step. For example, crystal structures of pol ß bound to a single-nucleotide gap (binary substrate complex), single-nucleotide gap and incoming dNTP (ternary substrate complex), and nicked DNA (binary product complex) indicate that Tyr271 donates a hydrogen bond to a unique DNA minor groove acceptor in each case (1, 5) . In addition, there are numerous protein conformational changes observed when the correct dNTP binds to a binary polymerase complex.
Most notable is the movement of the N-subdomain to "close" upon the nascent base pair (30) .
DNA polymerases decode the template strand in an attempt to preserve Watson-Crick base-pairing rules. In doing so, they must be able to decipher the identity of the templating base.
This requires that the template base be positioned so that the incoming dNTP can examine geometric constraints imposed by the polymerase active site. The templating base is a critical alanine substitution for this residue results in a dramatic loss of catalytic efficiency and fidelity (11) (12) (13) (14) . The R283A pol ß mutant represents the greatest loss of fidelity engineered by a single point mutation for any DNA polymerase. Because of the critical role that template positioning has on catalytic efficiency and fidelity, we have employed a steady-state kinetic analysis to explore the role that Lys280 plays in template base positioning and/or stabilization. As predicted by current kinetic models for polymerization, we have demonstrated that substrate specificity, as determined by k cat /K m , is equivalent to k pol /K d determined by pre-steady-state analysis (15) . In this later analysis, k pol is the first-order rate constant for the insertion step and is limited by a by on June 7, 2008 www.jbc.org Downloaded from conformational change and/or chemistry, and K d is the equilibrium dissociation constant for dNTP binding. Lys280 is observed to be stacked with the templating guanine of the nascent base pair in the pol ß DNA complex with an incoming ddCTP ( Fig. 1) (5,6 ).
The observation that glycine substitution for Lys280 results in a decrease in catalytic efficiency that is strongly dependent on the identity of the templating base indicates that interactions with the nascent base pair may be energetically unique for formation of each
Watson-Crick base pair (Fig. 2) were specific for the dC-ddGTP base pair were noted in the DNA major and minor grooves.
Further, in the absence of a templating base (i.e., an abasic site), deoxypurines are typically inserted with a much higher efficiency than deoxypyrimidine triphosphates. Extending that observation to correct nucleotide insertion, the purine may play a primary role during formation of the Watson-Crick base pair independent of whether it is in the templating position or is being selected for insertion. Thus, an incoming deoxypurine triphosphate may have a critical role in template positioning and stabilization.
The loss in catalytic efficiency with the K280G mutant with templating purines was primarily due to an elevated K m (Table II) . Since K m for an incoming dNTP is a reflection of the dNTP binding affinity and the identity of the rate-limiting step (DNA dissociation and/or k pol ; for a discussion see Ref. 28 ), a single-turnover approach was employed to determine the contribution of k pol and K d to the specificity constant. The increase in K m was primarily due to an increase in the equilibrium binding affinity (K d ) of the incoming dTTP (Fig. 3) . This suggests that the role of the Lys280 side-chain is to stabilize the templating purine in a conformation that optimizes nucleotide binding. Since k pol was hardly affected by the glycine substitution, the modified interaction with the templating base doesn't perturb the step that limits insertion (i.e., chemistry or conformational change).
As with correct base pair formation, the identity of the templating base also influences the fidelity of the K280G mutant. With a templating dT, the glycine mutant exhibited a fidelity for insertion of dCTP or dGTP similar to wild-type enzyme (Fig. 5) . In contrast, the fidelity of dATP and dTTP insertion by K280G was altered with the templating purine, dG. However in these cases, K280G is a mutator for insertion of dATP and an anti-mutator for insertion of dTTP.
This suggests that the wild-type lysine side-chain stabilizes a dTTP-dG wobble mispair and discourages the dATP-dG mismatch intermediate.
The structure of a mispair intermediate in a polymerase active site has not been determined. However, it is expected that they will resemble those observed in duplex DNA.
Structures of dA-dG mismatches in duplex DNA display conformational variability (anti-syn glycosidic preferences) that appear to depend on intra-strand stacking interactions (33) . In our one-nucleotide gapped DNA substrate, the templating dG is adjacent to another guanine that forms a Watson-Crick base pair with the primer terminus (dC). In this sequence context, the templating guanine may be expected to prefer a syn-conformation that could form a Hoogsteen base pair with an incoming dATP(anti). The data suggest that loss of the interactions with Lys280, through glycine substitution, increases the probability of the mismatched synconformation. The K280R mutant displayed a 2.8-fold increase in fidelity relative to wild-type enzyme (data not shown) indicating that interactions with a basic residue 280 side-chain and the templating guanine may discourage the mismatched intermediate.
The dT-dG mispair forms a wobble base pair with dT projecting into the major groove and dG into the minor groove (34) . Since polymerases generally interact with the nascent base pair through the minor groove, the predominant structural alteration is expected to be a shift of thymidine into the major groove to satisfy hydrogen bonding. If the templating guanine base is not stabilized through stacking interactions with Lys280, the templating guanine could 'drift' into the major groove making it very difficult for an incoming dTTP to form a Wobble base pair.
Comparison of the templating guanine position in the open binary complex, that lacks
interactions with Lys280, with that in the closed ternary complex reveals that the templating guanine is displaced into the minor groove (see Fig. 2A 
in Ref. 11). For the reciprocal mispair
(dGTP-dT), loss of stacking interactions with a templating dT would not be expected to be influenced by removing the residue 280 side-chain since interactions would be diminished with wild-type enzyme for a templating thymidine displaced into the major groove.
The efficiencies for formation of the four Watson-Crick base pairs varies less than fivefold ( Fig. 2 and Table II ). In contrast, the catalytic efficiency for incorrect insertion is diminished at least 10 4 -fold for wild-type enzyme and varies over a wider range (30-fold) for the mispairs examined (Table III ). The structural accommodation of different mispairs in B-DNA suggests that the polymerase interacts uniquely with each mispair. Thus, it would be surprising that a single alteration in a DNA polymerase would give rise to a general mutator polymerase that makes all mispairs with a frequency greater than wild-type enzyme. As observed with the K280G mutant (Fig. 5) , a spectrum of mutation frequencies (i.e., reciprocal of fidelity) relative to the wild-type polymerase is expected. The R283K mutant of pol ß has also been reported to exhibit a mutator activity for certain mispairs, but produces other mispairs at a frequency similar to wild-type enzyme (14) . As noted above, since certain mispairs are structurally sensitive to their sequence context, it is not surprising that a HIV-1 reverse transcriptase mutant (R72A) has been described that is an anti-mutator in one sequence context and a mutator in another for the same mispair (35) . In this case, Arg72 of reverse transcriptase stacks with the base of the incoming dNTP (9).
Site-directed mutagenesis of Lys280 indicated that the glycine derivative resulted in the greatest decrease in catalytic activity on a homopolymeric template-primer system (Table I ), but the effect was significantly lower than observed with heteropolymeric DNA that utilizes the same templating nucleotide (i.e., dA; Fig. 4 (36) . It was suggested that this might be related to the conformation of one of the metal ligands, Asp192.
The flexible Lys280 side-chain consists of a hydrophobic arm that is positively charged at its end. These characteristics provide the potential for it to stack with the templating base, but wild-type pol ß. These hydrophobic residues would not be expected to be able to form a hydrogen bond with N7 of adenine. In general, the magnitude of the decrease in catalytic efficiency for thymidine insertion correlated with the van der Waals volume of the alternate 280 side-chains (Table I and Fig. 4 ), and not with the non-polar accessible surface area. For example, the non-polar accessible surface area of the glutamine and alanine side-chains is 53 and 67 Å 2 , respectively, whereas the van der Waals volume of glutamine is nearly two-fold greater than alanine (25) . Relative (wild-type/mutant) k cat /K m,dTTP was significantly greater for the alanine substitution than glutamine (Fig. 4) suggesting that specific interactions with surrounding side-chains (i.e., packing) may also contribute to the observed effects. In other Pol X family DNA polymerases, such as terminal transferase, DNA polymerase λ, and DNA polymerase µ, sequence alignments predict that the equivalent residue in these enzymes would be an arginine.
In contrast, sequence alignment suggests that the African swine fever virus encodes a X family DNA polymerase that has an isoleucine at this position (37). As noted above, these substitutions for Lys280 of human pol ß did not affect catalytic efficiency for the correct insertion of thymidine.
A previous study concluded that alanine substitution for Lys280 had no effect on catalytic efficiency or fidelity for rat pol ß (38) . Since this study did not employ a DNA substrate that utilized a templating adenine, the changes in catalytic efficiency and fidelity expected with alanine substitution (K280A), rather than glycine (K280G), may have been too small to detect. These differences underscore how subtle changes in protein and/or substrate structure can result in diverse effects. Thus, glycine substitution for Lys280 results in a DNA polymerase that exhibits wild-type selectivity for certain mispairs (e.g., dCTP or dGTP insertion opposite templating thymidine), but mutator (dG-dATP) or anti-mutator (dG-dTTP) selectivity for others (Fig. 5 ).
The strategy employed by pol ß to stabilize the templating base is multifaceted. It depends on specific interactions from its surroundings: polymerase (Arg283 and Lys280) and the identity of the incoming nucleotide/metal cofactor. The contribution of these interactions (forces) to catalytic efficiency, and thus fidelity, will be characteristic for each base pair (correct and incorrect). Additionally, since the identity of the template base that pairs with the primer terminus can also affect catalytic efficiency, template base stacking interactions with the 3'-templating base can also contribute significant interactions (39) . It is essential that protein substrate (product) interactions suggested from structural studies be confirmed by kinetic and thermodynamic analyses. As the molecular mechanisms of polymerase substrate specificity emerge, it will be necessary to ascertain how each polymerase utilizes these to perform its particular function(s). (Table II) . Whereas glycine substitution for Lys280 had no effect on fidelity for misinsertion of dCTP and dGTP opposite dT, there was a small, but significant, change in relative fidelity with the K280G mutant for dATP and dTTP misinsertion opposite guanine.
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